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Ellis-van Creveld syndrome is a rare, recessive genetic disorder. The typical signs in affected patients are dwarfism,
polydactyly, dysmorphic faces and dental anomalies.
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1. Introduction

First described in 1940, Ellis-van Creveld syndrome (EVC; MIM ID #225500) is a rare, recessive congenital disorder that
results in a type of disproportionate dwarfism [1]. Affected individuals represent approximately 1 in every 60,000—200,000
live births with higher occurrence reported in offspring of consanguineous (e.g., first cousin) unions or monotypic
populations [2,3]. In addition to short stature, other conspicuous signs of EVC include extra digits (i.e., polydactyly),
dysmorphic faces, and dental anomalies [4]. While none of these directly confer shortened longevity, approximately 60%
of patients suffer from underlying cardiac conditions, indicating widespread developmental effects.
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Figure 1. LIMBIN mutant cattle and Evc2/Limbin mutant mice share similar dwarfism. (A) A LIMBIN mutant cattle bears
apparent short legs. (B) LIMBIN mutant cattle have decreased size of growth plate (marked in white arrow) in
appendicular bones. (C) Evc2/Limbin mutant mice with litermate controls exhibit a smaller body size at 5 weeks old. (D)
The growth plate of tibia from Evc2/Limbin mutant mice demonstrate shorter and disorganized structure at 5 weeks old
compared with control mice. Bars indicate 200 um. (E) Tibiae from E18.5 mouse embryos were stained with alcian blue
for cartilage and alizarin red for bone. Tibiae from Evc2/Limbin mutant embryos are shorter than those in control
littermates, although body size in these two groups are similar at this stage.

Although EVC was known to occur more frequently in certain families and/or communities (e.g., the Pennsylvania Amish),
several decades passed before the causative gene(s) (i.e., EVC and EVC2/LIMBIN) were identified. Mutations in either of
these head-to-head genes located on human chromosome 4p were found to contribute to EVC and a dominant but
phenotypically milder form called Weyers acrodental dysostosis (also known as Curry—Hall syndrome, WAD; MIM ID
#193530)) [3,5]. The primary difference between EVC and WAD is the severity of clinical phenotypes and pattern of
inheritance. Though mutations in EVC and EVC2 account for the majority of the patients, there are still patients that
present with EVC symptoms despite no mutations in either EVC or EVC2 [6,7]. EVC is an autosomal recessive disorder
and is associated with a more severe phenotype, specifically heart abnormalities, which are the main cause of morbidity.



Since EVC and EVC2 share limited homology, EVC and EVC2 were named based on a historic timeline of mapping and
cloning of causative genes for EVC, and thus they do not form a gene family. In this manuscript, we use both EVC2 and
LIMBIN to describe this gene, because pathophysiologic function of this gene was firstly identified as a causative gene of
Bovine chondrodysplastic dwarfism and named as LIMBIN [8].

Animal models of EVC have been critical for providing insight into disease pathogenesis (detailed in subsequent sections)
[9,10,11]. The initial observation was from EVC2/LIMBIN mutant cattle that developed bovine chondrodysplastic dwarfism
(BCD) (Figure 1A, B). Studies of mice revealed phenotypes similar to cattle (Eigure 1C, D, E), which is the result of
reduced, but not eliminated, hedgehog (Hh) signaling. Both EVC and EVC2/LIMBIN proteins have also been shown to
form a complex at the bottom of primary cilia. This has led to the classification of EVC as a ciliopathy or disorder of the
primary cilia. Because the management of patients with EVC is currently limited to corrective therapy, deepened
understanding of disease pathogenesis from animal models raises the possibility of targeted therapy and improved clinical
outcomes.

2. EVC-Like Disorders in Other Non-Human Species

Examples of dwarfism or small stature resulting from a medial or genetic condition are not uncommon throughout the
animal kingdom. However, while news headlines are dominated by the discovery of insular dwarf species and deliberate
selection has led to the development of numerous toy and true “dwarf” animal varieties, chondrodysplastic cases
attributable to mutations in animal orthologs (specifically EVC2/LIMBIN) are restricted to two breeds of cattle. However,
recent comparative studies have the potential to spark interest in the etiology of EVC-like disorders and reveal the
evolutionary significance of EVC2/LIMBIN in other species.

The Japanese brown is a horned cattle breed esteemed for its use in beef production, known as wagyu. Starting in the
late 1980s, calves from a specific region of Japan were born with a type of dwarfism (i.e., ateliosis) characterized by
disproportionately short limbs and joint abnormalities [57]. Termed bovine chondrodysplastic dwarfism (BCD), this unusual
phenotype was inherited in an autosomal recessive fashion and was later found to be caused by either deletion or
frameshift mutations in a gene (i.e., LIMBIN) located on chromosome 6 [57,58]. LIMBIN was subsequently identified as an
ortholog of human EVC2 despite the lessened severity of symptoms in bovine vs. human patients [8]. Identification and
targeted manipulation of the murine ortholog laid the groundwork for the generation and phenotypic characterization of
non-human models of EVC (see previous sections) that have been invaluable in our mechanistic understanding of
disease development.

A similar form of disproportionate dwarfism in Tyrol grey cattle was reported in the early 21st century. The Tyrol grey is a
horned, dual purpose breed of Austrian and Italian origin considered endangered due to its small population (<4000
individuals vs. >20,000 for Japanese brown) [59,60]. Affected calves could be traced back to a single ancestor and
displayed the characteristic small stature and short limbs seen in both Japanese BCD and human EVC examples [59]. In
addition to growth plate abnormalities in long bones indicative of dysplastic chondrocyte function, some Tyrol BCD
specimens also displayed acetabular joint laxity, urogenital abnormalities, and cardiac defects reminiscent of human
patients with EVC [59,61]. However, orofacial, ectodermal, and digit findings in these cattle were unremarkable and
appendages were shortened in a proximal vs. distal manner as indicated by the shortened femur and humerus. Though
genetic analyses identified an EVC2/LIMBIN mutation (i.e., deletion) at a different location from their Japanese
counterparts, these cattle provided an animal model of an EVC-like disorder and expanded insight into the role of
EVC2/LIMBIN in skeletogenesis.

Penguins are flightless birds that have undergone numerous morphological adaptations suited to an aquatic lifestyle.
These include modification of the upper appendages into robust, flipper-like wings and pronounced shortening of femoral
and lower extremity length, characteristics that are superficially like those seen in patients with EVC (see previous
sections). Genetic analysis of two penguin species (i.e., Pygoscelis adeliae and P. forsteri) surprisingly revealed five
penguin-specific amino acid changes in EVC2/LIMBIN, the highest amongst all analyzed limb-related genes [62]. An
additional amino acid change was seen in the penguin EVC ortholog. These results suggest important evolutionary roles
of EVC and EVC2/LIMBIN orthologs due to their conserved effects on vertebrate (e.g., mammalian and avian) limb
development.
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